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Vectors derived from human immunodeficiency virus (HTV) are highly efficient vehicles for in vivo gene de- 
livery. Howew, their bkrcafety is of major concern. Here we exploit, the complexity of the HIV genome to pro* 
vide lentivims vectors with novel btosafety features. In addition to the structural genes, HIV contains two regu- 
latory genes, tat and m>, that are essential for HIV replication, and four accessory genes that encode critical 
virulence factors* We previously reported that the HIV type 1 accessory open reading frames are dispensable 
for efficient gent transduction by a lentivims vector* We now demonstrate that the requirement for theft* gene 
can be offset by placing constitutive promoters upstream of the vector transcript. Vectors generated from con- 
structs containing such a chimeric long terminal repeat (LTK) transduced neurons in vivo at very high effi- 
ciency, -whether or not they were produced in the presence of Tat* When the rev gene vms also deleted from the 
packaging construct, expression of gag and pot was strictly dependent on Rev complementation In trans. By the 
combined use of a separate nonoverlapping Rev expression plasmid and a 5' LTR chimeric transfer construct, 
we achieved optimal yields of vector of high transducing efficiency (up to 1Q 7 transducing units ITCl/ml and 
10 4 TU/og of p24). This third-generation lentivints vector nscs only a fractional set of HIV genes: gag, pal, and 
re*. Moreover, the HIV-dcrived constructs, and any recombinant between them, are contingent on upstream 
element* and trans complementation for expression and thus are nonfunctional outside of the vector: producer 
ceils. This spliJUgtnome, conditional packaging system is based on existing viral sequences and acts as & 
built-in device against the generation of productive recombinants. While the actual biosafety of the vector vrill 
ultimately be proven in vivo, the improved design presented here should facilitate testing of lentivims vectors. 



Lentfvi ruses have attracted the attention of gene therapy 
investigators (45) for their abOhy to integrate into nondividing 
cells (8, 15* 16. 25, 26). We previously developed replication- 
defective vectors from the lentivirns human mmiuxiO&nctency 
virus (HIV) and showed that they transduce target cells inde- 
pendent of mitosis (32). The vectors proved highly efficient tor 
in vivo gene delivery and achieved stable kmg*tenn expression 
or the transgene in several target tissues, such as the brain (5, 
33), the retina (31), and the liver and muscle of adult rats (21). 
A major concern, however, is the biosafety of vectors derived 
from a highly pathogenic human vims. 

The complexity of the icativirus genome may be exploited to 
build novel biosafety features in the design or a retrovirus vec- 
tor. In addition to the structural gag, poL and env genes com- 
mon to all retroviruses, HJV contains two regulatory genes, tat 
and rev, essential for viral replication, and four accessory 
genes, vi£ vpr t vpu, and nef that are not crucial for viral growth 
in vitro but ate critical for in vivo replication and pathogenesis 

The Tat and Rev proteins regulate the levels of HIV gene 
expression at transcriptional and posuranscriptional levels, re- 
spectively. Due to the weak basal transcriptional activity of the 
HTV long lermmal repeal (LTR), expression of the piwirus 
initially results in small amounts of multiply spliced transcripts 
coding for tbe Tat, Rev, and Nef proteins. Tat increases dra- 
marjeauy HIV transcription by binding to a stem-loop structure 
(tmsacuvatiou response element [TAR]) m the nascent RNA, 
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thereby recruiting a cyclin-hinase complex that stimulates tran- 
scriptional elongation by the polymerase II complex (46). Once. 
Rev reaches a threshold concentration, it promotes the cyto- 
plasmic accunraiation of uDSphccd and singly spliced viral -tran- 
scripts, leading to tbe production of the late viral proteins. Rev 
accomplishes this effect by serving as a connector between an 
ENA motif (the Rev^Tespotsivt element IRREJ), found m the 
envelope coding region of the HTV transcript, and components 
of the cell nudear export machinery. Only in the presence of 
Tnt and Rev are the HTV structural genes expressed and new 
viral part ides produced (27). 

In a first generation of HlV-derived vectors (32). viral par- 
ticles were generated by expressing the HIV type 1 (HIV-1) 
core proteins, enzymes, and accessory factors from heterolo- 
gous transcriptional signals and the envelope of another virus, 
most often the G protein of the vesicular stomatitis virus (VSV 
G) (9) from a separate plasmid. In a second version of the 
system, the HIV-derived packaging component was reduced to 
due gag>pol, tat, and rev genes of HXV-1 (51). In either case, the 
vector itself carried the HIV-derived cfr-acting sequences nec- 
essary for franscriptiotv encapsidation, reverse transcription, 
and integration (2, 4» 22, 24, 29, 30, 32, 35). It thus encom- 
passed, from the 5' to 3' end, the HTV 5' LTR, the leader 
sequence and the 5' splice donor she, appropriately 360 bp of 
the gas gene (with tbe gag reading frame closed by a synthetic 
stop codon), 700 bp of the env gene containing the RRE and 
a splice acceptor she, an internal promoter (typically the im- 
mediate-early enbancer/promoter of human cytomegalovirus 
|CMV] or that of the pho^)hogtycerokmase gene [PGKJ), the 
transgene, and tbe HIV 3' LTR. Vector particles are produced 
by cotransfection of the three constructs in.293T cells (32). In 
this design, significant levels of transcription from the vector 
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LTR and of aecvrmiUtkm of unspliced genomic RNA occur 
only in the presence of Tat and Rev. 

Here, we demonstrate that the taws-acting function of Tat 
becomes dispensable tfpart of the upstream LTR in thfc trans- 
fer vector construct is replaced by constitutiveiy active pro- 
moter sequences. Furthermore, we show that the expression of 
rev in (runs allows the production of high- titer HlV-derived 
vector stocks from a packaging construct which contains only 
gag and pol This design makes the expression of the packaging 
functions conditional on complementation available only in 
producer colh. The resulting gene delivery system, vhich con- 
serves only three of the nine genes of HIV-1 sad relies on four 
separate transcriptional unite for the productjoo of transducing 
particle*, offers significant advantages for its predicted bio- 
safety. 

MAXttfclALS AND METHODS 

Transfer vector constructs. pHR'CWrV-JU^Z fcnd pMR'CMV-Lcdfcntw hove- 
been dtaeribed elsewhere (32). pHR2 is a lcniMrus transfer vector in which the 
polyltttkcf and downstream /^ifc<Kicnccs up to the Kpnl site ofpiftV lwwcbccn 
replace! with a <JdJSptUShaRlfS>nalJBam±^^ poMkikcr. pHR2 was 

generated by i^pladns the 3.7-kb O^I-SwX fragment of pHR'CMVlneZ with n 
6074)p OuI-SflfT fragment penwoed by PCR using pTIR'CMVlAcZ V the tem- 
plate with oUgOOVClcoodc primers 5 ' -CX1AJXXJ /UTXiACTAGTCCTACGTA 
TCCCCQOGG ACGGG ATCCGC OH /^TTCXTGTTT AA G ACC A A TtlAC- 
3' and 5 '-TTATAATGTCAAGOCVTCTCo', followed by digestion with Gal 
i\n6$atl 

pHR2PT*K-NCiFR, pHR2CMV-NGFR, widpKR2MFCx-NGFR arc lermrirus 
transfer vector* in which the truncated low-afinuty norvo growth factor receptor 
(fr) tmugcacs under the control dtihe murine POK- human CMV. and 
Moloney leukemia vims (MT..V) promoters, respectively, have beon utscned into 
tbc rjoiyunker ot pHib- The pHR2PGK.-NGFR mmsacne encodes no inlron sc- 
OUCHOC& the pMR3CMV-NOHt vedctf include* tbc inlron from pbfanid pMD (54). 
and the pHfcTMFCVNGFR vector contains the MtV uttron from MFG-S (34> 
pRTUU pWJ_ pCCl* and pCLL art Icrttiviroa transfer vector* cvMjudning 
chimeric Row sarcoma vims (RSV>mV or CMV-mV 5* LTRs and vector 
backbones in -which the simian virus 4n |v*yj«fctiyUaion and (cnbaoccrlcss) 
origin of rcpuV&Uon sequences nave been included downstream of the HTV $' 
LTR, rcplacmj roost of the huaum sequence remaining from the IHV integra- 
tion she. la pKRT-. the enrwnecT and promoter (nucleotide* -233 to —1 relative 
to the iwraCT ipriimal suirt sitec firm Rank acromion nu,302^4£) tram, the TJ3 
■region of R$V arc joined to the R rcgjcm of the HTV-1 LTR. Id pRLL- ibe RSV 
enhancer (nucleotides -233 to sequences arc joined to the promoter 
region (horn position ■- 7b relative to the iranscriptiunal start «iic> of M1V-1. 
In pCCL. the enhancer and promoter (nucleotides to -1 relative to the 
transcriptional start jrile; GcnBnnk accession no. K0311M) of CMV were jolnod to 
Ihc R region of HrV-1. In pCLUlbc CMV enhancer (nucleotide* - 67? to 220} 
vu joined to the promoter region (position -7JJ) of TITV-l. Hzza. sequences and 

details of construction arc avnibhlc on request. 

pTfR2hPCFK-CFP, pXXLhWK-GFP s paJJiPGK-GFF, pRAJ-hPnK-GFP r 
and p&TJJlPGK.GFP arc toatmrus txftx^for vcooxs containing the cnhftneod 
^rttn fluorescent protein (cGFP) f7S0«bp EamHirNan cement ft COT pEGEP- 
I; Oontcch) ending region, under the control ot the human PGK promoter 
(mit'luoiicte 5 w GcoBHnk «oaa*tai no, MllS5a^ imsciled into in* poly- 
iinkcr region of each parental vector. pRRLCjJrtP obutned by deletion oC the 
XhiA-HarnHJ Jfragmcnt containing the PGK protnotcr from pRRTJiKiK-GFP. 

pRRLhFOK.OFP^IN-18 in a vu-lor in which ? LTR sequences trum - 418 to 
-lfl relative U) ihc VJ3/K uordcr have been deleted £rom pRLLbPGK.GFP (52). 
P&d^iu^ cmurtmetfi. The iaMcteeiive packaging construct pCMV&R&<ft 
obtained by rapping An £cuRt^S«trl trugmcnl from phttmid R7/pnco(- ) 
(12) with the cortMporidiruj fragment ot pCMVARU.91. a prcviouRly described 
pbFinid cxpt-cteirtg Osfo PoL Tpt» and Rev (51). This fwujnwnt h»« n deletion 
aUceUju; the initistiun vodon of the soj ^enc and a fnuncshift eroilcd by ihc 
insertion of an Miu\ tinker into the Z&u36l site as described previously. 
pCMVAH8.74iR a dcrfrniive otpCMVARfl^l in which a 135-hp AjeJi fragrnenU 
containing * «plice doner she. nan been deleted from tbc CMV-dcrived rc^iorj 
upntream Of the HTV sequences to optimize c^pn^iofL 

pMDL&'p is a CMV-diivon cxprosuon plasmid that otrntaani Odly thc^ag and 
pel t-odlng sequences from HlV-l- Hon, pknf21^/p wm cunirtnictcd by ligiilinfi a 
4.2-Vb Ctal-EcoRl {ragment rjfom pCMVARBJ4 with a £c^RI-/nndIU 
fraisncm from pkmt (i*) and a 0.9-Jd> Jtfmdlli-Mrol ftmymcni rrom p4oG along 
with an ATtYfl-Ctal linker consisting O* fnAnhcdc oligontidcotidwi 5*-CA*TttGGT 
OCr.AaAOCGTCACTATT.AAOCGGGCGAaAATTAGAT^' and S'-CG 
AIXri AArRUXXXX^OCnTAATACTGACXKrraCXK^CC-S'. Next , 
pMDL*/p was conrtmctcd by liwero'n^ the 4.25-kb EcnW ta^mtiii from 
p*oi2L£/p into the ffcoRl sire of pMD-2. pMD-2 » » derivative: of pMD.G (34) 
in whitfh the pXt3 pJadmid backbone of pMD.U h^ been replaced with u 



minim ni pUC pJasmid bacidwnc and the 1.6-kb V*SV G^encoding £coR] trag- 
Tncnt has been rtfrnnved. 

pMOl^pWRJ^ differs from pMDLgfc by the addition Of * 374-bp RRE-eon- 
udnlng sequence torn fflV-1 (HXB2) inunedinleiy dowustftfiuA of the pa* eod- 
■ ia^SCQUeflec*. To sencrate pMDLg/pRRE, tbc 374-bp .VtfWfodJII RJKB-eon- 
tsining fragment from pHR3 was ligMcd into tJhe 9-McH Noii-BtfO fragmcal of 
p^t393 (Invitroeen) along with ft/ffw dirj^n olijfonudcoiidc nnTccr consret- 
ing ot ^nlbcue oligonucleotide* S AJ3CTTCCGOGG A-5* and 5'-GATCTCC 
GCGGA-3' to jederwe pVl.J^RRE (pHRi was derived from ptiR2 by tbe 
removal of HTV etw ondin* aequence^ upetrcam ot the RRE fuaucneca m 
pHR2). AAh«I site remains at the junction batweon ihe^and RRE sequences. 
pMDLay^RRE vtss then cOn«rocwd by Ugaiiog rhc 5S0-bp£foRl-55rIl rragmcni 
from pV1593RftE with Che 3,l54tb S&R'Ndcl fragmcnl rrom pMD-2FIX (pMD- 
2JWX is a human factor Remaining variant Of pMD-2 vbich baa an AsrTi site 
ai the 3' end of rhc factor DC insert), the Z2S^6 AWtfI-.-4v»1I fragment from 
pMDLg/p, and the ^JMbA^EcdBJ Iragmcnt rrom pkHtlLg^p (14). 

pRSV-Rcv and pTK-Rev (^encro-us gifts ol T. Hope, Satt lnstiuiic) axe rev 
cONA-csprcK&ing plasnids in which the joined fiCCOrxJ »nd third exons of HTV-1 
rrv uadct ihc teinscriptionnl conirol ot Lhc RSV TJ3 and herpes simplex virus 
type 1 thymkliue klDft&e (TK) ruomoicrs. xcapcciivcly. Both cspptcasion plasmidf 
utilixe po^yadcrtyJatioD signal fequenecs from the HIV LTR in a pTJClltt plaft- 
mid backbone. 

Vector prodoctwn end a«sayt. Vectors were produced by transient mwfce- 
lion into 295T cells h& prcvjoutOy described (33), with the foiluwing modiDatkmi. 
A total of 5 X 10* 293T ccllft were seeded in llVcm-diAinccer dwhes 24 h prior to 
transicction in bcovc xnodiuod Dulbocco culture medium (JRH Btovcieneus) 
with 10% Jcuil bovine scrum, ptni^llm flUD lU/ml), and slrepluroydn (1^ 
H^ml) in a 5% CO - incubator, and the culture medium was changed 2 h prior 
to ransicctinn. A total ot 20 p.g of plasmtd £)KA mm used for the transaction 
of one dish: 3.5 |ig of the envelope plasmkl pMD.G, 6.5 iigofpaelcasinjr plasmid. 
and 10 p.g of Uftftsfci vector plasmid. The predpttsxe was formed by adding the 
plasmid* 10 * Anal volume of 450 id of (U X TE (1 X T£ b lOmMTris |pH JLP] 
plwc 1 mM. EDTA) uo<1 5U pJ oi CaO^nnnngwcil, then adding drupwtso 
500 ^il of 2X HEPES-bufcrcd valine (ZH1 mM Nad 100 mM HEPES. L5 mM 
Kjv 2 HPOi [pH 7.1 2]) while vortcxing and inrmcdiatcb/ nddtng the pKcirntac to 
the cultures. The medium (10 ml) wra replaced after 14 to W h; the condidoncd 
mgdium vaet collected after another 24 h. dcared by kw**pccd ccmxUugarioTU 
and rHtered through 0^2-pjn-pore-*i?c cellulose acetate f&tctK. For in vitro ox- 
pcrimentt, serial dilutions of freshly harvested conditioned medium wre used to 
infect 10" cells in a si^wcli plate In rhc presence oi Polyhrene (8 p^'ml). Virol 
p24 antigen cunccnuatioo wa& determined by unrnvpoeapuue (Alliance; Dv- 
?ont»NEN), Vector batches were Tested for the absence of rc^licnuV>r><ofnpo- 
umL virus by rnoniiaring pZ4 amii^ai c^ircsaiQC in Che cukure medium of trana- 
duecd SupTl lyrnrmocytcs for 3 vrcdu. In nil case? tested, p24 wn* undetectable 
(detection limit 3 pg/ml) o^eo the input antigen had been eliminated from the 
culture TrartFduCnTg aerrvliy was c^qircfisod in transducing unrn (TIT). 

Noctheot blat aoarysls. Total RNA wax isolated from 1 x 10 r to 2 X ItT eella 
turvosiod at confluence by using RNA^d B a* t vt by the manufnctuxcr; 1U 

m 20 rifi or RNA wns loaded per wdl on 1% aearrwc geW using Kot-thcroMw 
(Ambion. Austin, Tea.) reagents as o^wribed by the rnanmaciurcr. Transfer wsm 
to Zetobind mcmbrAncs (Cuno Inc, Mcridiccu Ceaa.) by cither capillary inuisfcr 
or prtsaure bloiung (Stratagcoc). ^.labeled probes were made by random pfim- 

Intraccnbcol injeetiou of vectors. I^vefvc Mschcr 344 mnlc rata weighing 
nppnttiinaxcly 220 g were ob mined from Harlan Spraguc-Djiwley (Jndianapolia, 
Tnd.), The txls were housed with acceaa to ad libitum food and water on a 12-h 
ti^hi/daxk cydc and ■were midnuuned and treated in cecerdancc with published 
National insdiuics of Health a^tdeUncs. AU surgical procedures were performed 
with the rats under isotferane $as ajicsthcsiB* using aseptie proccdurcA. After a 
rat was srutthcrbxd tn a ;ueep hoi; it was placed in n small animal stereotaxic 
dc\Tcc (Kopf Imttrumenis, Tirjungn. CabX) odnj the carbarn, which do nut break 
the Tympanic membrane. The rats were randoouy divided into one conxrol And 
four treatment groups. After the ra» wore placed tn the ttcrcocaKic frame, 2 pJ 
of lenrivirus vccior concentrated by ultoKcntrilugaliuii at 50,000 X g for 140 min 
at 2tfT (35) in pho^Ate-buficrcd saline (r&S) w» injected cxmscculivcly into 
the sttrwium in both hemisphecos oror 4 min ai & rate oi 0.5 |tl/min (cootdinaiCft, 
AP 0.a LAT T.3.0, DV 5^, -4J. 3^ «uh the inei«»r bar acL at 33 mm 
below the tarra-aunt line [36]). using a contmuous-infuaon system as dweribod 
jTrevitaisry in detail (28). During tbc Injection, the needle wa* atovr/ raised I mm 
in the donwl direction every 40 s l>rom total withdrawal). One minute after 
cessation of tire rejection, the needle WM retracted an additkmal 1 rnmnttd then 
tcO. in place (ot an addirional 4rjhn before feeing sJowiy wididrawn from the brain. 

ntooiogy. One month after vector injocdon. each nnimnl wne deeply ancflthc- 
tiEcd with mrjapcritencal pentobarbital and perfused Through the aorta with 
jUorilc PBS, followed by i&^cold 4% paraloniHudchyde perfusion. The brains 
were removed from ihcakulls, pceUbwd in 4% paxMor^dclrydc by immcrsiofl 
for 24 h. and then transferred into a 50ft wicrows-PfiS solution Crrr3 to 4 day*, 
unul the brains, sank to ihc bollom of their containen. Tbc brrtins wen; then 
fro ten on dry tec and 40-^-thick coronal sections were cut on a sliding micro- 
tome. Section * were collected in series in micTOtimr well plates that contained n 
ylymtn-based antifreeze solution, and they were kept at 3U*C unul further 
ptoecsaln^. ImmunocyincfacmiKiry was pcrionncd accorrjing to the general pro- 
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HC. I. Northern analysis of tbc RNA c*prcsflioa from IcncMru* vectors. Three pHR2 "vector* carrying an expression cassette for the *amc tnmsgctic (truncated 
Low-afibui? NGPR) unci driven bv Lhrcc diflcrcnl promotcre (PGK. CMV, nod tcuovuwl MPG) were analyzed in producer sod iransduccd cells. Tow) RNA was 
wiraaxd and anatoed bv Northern blotting with * ptobc specific lor ihc traltt&Cftc acqucni-c (A>ScbcmnlicoIltevortflrcoasliucl o^acla Ihc specie* erf Rh^dnro 
by the inwrttfJ promotcr'{PrcHD.; broken arrow, shorter tranwripi) and the vital LTR (solid arrows, krng^ rranacriptei tbc spedef dHfef kit the «pUcmg of the viral 
timon) The splice donor and acceptor attca (SD and SA)* the packaging sequence the ttoncwed #tg tcqocncc <G A), and the RRE arc indicated. (B) The vector 
oontOrucw were iransficcicd in 2V5T edl* wilboul or with ihc packaging consirocL (O Vector pwudes produced by ihc traRafcetanu were used to imosducc HcLa 
cclla. In the absence of ihc viral trariractivawrts, supplied by the core pactegUig construct only in tbc producer cclK vector expression occurs m*io»y from the internal 
promo Lot- Noia the dnmiane enhancement uf the upstream txnnsurfption and the ftconnulation of tro^pUeed RNA (eortjing the ¥ woncnoc) in the presence of the 
paduainc. cnraunct, Trt the transduced edify the 1-TR is flilcoccd. No*c that the three expression cassettes differ in ihc size of the pronator* ftftd 5' untranslated 
itcqucncc. In each owe, the (smallest RNA (pec** reprcscDts transcript* initialed from tbc internal promote*, while the intcxmcdiiUc-SEW and lucpx species correspond 
to spliced and unspliccd LlH-drivcn KNAa, respectively, 



ixdurc described pn-*Wotrdy (44). Alter scvccnl P&S dnscfi and an incvbaiion in 
5% hydrogen peroxide, the sccuons were placed in d 5% nounal goirt *crans-T,'hc 
wctitin* wore then incubated In the primary anti-GFP antibody (1:1,000; Hon- 
tech, Palo Alia CsUX) in Ife normal goiu scninHUTe Triion X-100 ovcrmshi 
fit room temperature. After rinsing* the asetiot* weic incubated in. the biorin- 
ytatcd rabbit anttyMi accondaiy antibody (Vanes. BurlingaTOCs Odit) for 3 h. 
After rirtairt^ the sections were incubated with bonsezxidiah pcrcioddBjjc-«lrcpU- 
vidin and then reacted by using a purple chn*n»aeti kit (VIP; Vector), mounted, 
dried, dcJbydraiccL and covorelippod 

RESULTS 

Tat is required to produce a vector of efficient transducing 
activity. To investigate the role of Tat in the production of 
transducing particles, expression from lentivirus vectors was 
lim examined by Northern analysis (Tig. 1). The patterns of 
RNAs induced by transfer vectors in which the transgenc was 
driven by an internal PGK, CMV, or retrovirus MFC promoter 
were studied m both producer and target cclU. In transfected 
293T cells, expiessioti occuned mainly from the internal pro- 
moter. When 3 packaging construct expressing both Tat and 
Rev was cotransfoctcd, a dramatic enhancement of transcrip- 
tion from the LTR was observed, with an accumulation of 
unspliced vector RNA. In cells transduced with the vectors, 
that j=s to the absence of Tat and Rev. transcription from the 
LTR was almost completely sirppre**e<L the residual tran- 
scripts underwent splicing, and the internal promoter was re- 
sponsible for most of the expression. 

A packaging plasmid carrying two mutations in wt (pCMVAR 
8-93) was then constructed. The first mutation is a deletion Of 
the T in the ATG initiation codon of the tat gene; the second 
is an insertion of a Miu\ linker producing a translation stop 
codon after residue 46 of the Tat protein. These changes con- 
fer a /^/-defective phenotype to HTV4 (12), After transfection 
of the control or *tf/*defeclrve packaging constructs into 293T 
cells, comparable yields of vector particles were recovered In 
the culture medium, as assayed by using the Gag p24 antigen 
(sec Tabic 3). Such Tat independence was expected from the 
replacement of the HTV LTR by the constitutive CMV pro- 
moter hi the packaging construe! However, tbe particles pro- 
duced in the absence or Tat had a dramatically reduced trans- 
ducing activity (Table 1): 5 to 1.5% of that of particles 
produced by the control Tai-positivc packaging construct 



We also tested whether the Tat-defeCn've phenotype could 
be rescued by complementation in target cells (Table 1), HeLa- 
tat cells, a cell line expressing Tat from the HIV4 LTR (13), 
were transduced by vectors produced with or without Tat The 
expression Of Tat in target cells did not compensate for the loss 
in transduction efficiency of vector produced without Tat. 

As expected from the Northern analysis, functional inacti- 
ve tion of the laf gene resulted in a lower abundance of vector 
RNA in producer cells. This was indicated by the decrease in 
hiciferase activity in cells producing a luciferase vector without 
an internal promoter. In this case, txansgene expression di- 



TABLE 1. Transducing acririties of kotrWriet vectors made with 
and without a functional tul gone in die packaging construct* 

Mean iramtrtiinmg activity 
(TUAig of p24) * ST* 

'With m in Without »t 
pa ranging in packaging 
construct construct 



Txanafcr vector 



Turjct 
cell* 



pHR'CMV-LaeZ 293J 1,056 t 54 152 r 26 

pHRZPUK-cCFP HcLa 5,066 384 

pHR' CMV-Lucif erase HcU 3,000 ±t52 152=26 

HeLMat 3,777^ 348 59 

pim'Luciteriise* IhiLa 46 * X 03 r 0.003 

Hct4>-tat 3^96 * 276 174 r 75 

* Vectors were ptodueod by tnmtfocilofl ol the mdscatcd tnnvfer vector, a 
OAcXagins .construct eithor with (pOMVAPJt.°1) or without (pCWV^WlW) a 
tunciional tat acne, and piasmid pMD.G into 293T cclK Serial dHuiiona or 
tranrfccliuii coaditloncd medium were incubated with tbo indicated cells, and 
the culturc& weze ficoted »Cter 3 da.'AL for calculating tttuuduciion activity, Kun- 
plc» wrc selected bum the hncar pordun of the veetoi dotc-napoosc curve. 

* LacZ tnnnducuoo was mcaem^d by 54ircino-4K^lorc-^naotyl-p-i>-gAlac- 
lop>TnPOaidc (X-Oal) suonrng and by expression oi the number of blue coll 
rebates as a umrtiun of the ac&oum of p24 antigen in the inoculum* cOPr* 
transduction was measured by FACS annr^ttS, fittdtiplying tbc tractioa of fluo- 
rescent cctb toe number of infcvicd cells, and caprc«in? the rcauii a& a 
lunetiod of die amount of p24 antigen in the inocuUim. l-ndf erase transduction 
w^t mcawrcd by linmnctttnee in RLU above badcground of 50 uJ or culture 
extract and dividing the number of RLU x ill"- by the number of naftograms of 
p34 aniig«\ In the Inoculum, Means of duplicate (pHR2 PGK-oGFP) or tripH- 
cnic (all'oihcr constructs) o^cominauons are fibown. 

c Without inieznal promoict. 
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FIG- 2. TranSCriptkMial activities of wQd-typc and 5' chimeric vector con* 
ttructs in the absence and presence Ol Tai_ (A) Control ptJR2 and the 5' 
chimeric pRRL transfer cuuMjuei caning a ?GK-cG3FP expression cmcUe 
were ir*A8fectcd into 29JT cells with a padttgtag cansrruct having a functional 
(pCMVARfi.91; grey lino) or inactive (r>CMVARfi.y3; Mack line) *or gene GFP 
expression analyzed by FACS. The filled areo w^uacnta nonfraicfcc*ad 
ecus, In the absence of Ttt, ihc ctemcric construex yielded a ler tl of GFP 
agression higher than thai achieved by ibe pHR2 coostrucL Both constructs 
wotc further unregulated by ThL (B) A pRRL cooatnxct cbtit^i^ccGET gerte 
without an internal promoter was tramfectcd with * p a rVa a jn g cotBtrnct canymg 
a functional (grey KnO, open area) or inactive (black line opoa area) tat gene. 
Direct uprcgvlation of the chimeric promoter by Tat was obacrrcd, The tftcA 
area represent* soiitrassfccted cgfia- 



redly reflects ihe abundance of transcript* originating from the 
LTR 293T cells producing luctfexase vectors without Tat had 
only 5% of the luciferase conicnt of cells producing the same 
vector with Tat ([1.0 i (UJ X 10** relative light unite [RtU]/ 
dish wilhoul Tat; [20.2 ± 0.7] X 1G 9 RLU/disfa with Tat). This 
ratio corresponded very dasely to that observed In cells trans- 
duced by cither type of vector in the course of the same ex- 
periment (Table 1), suggesting that the abundance of vector 
RNA in producer cells is a rate-limiting Dador in the, transduc- 
tion by lentrvirus vectors. 

One could thus conclude that Tat is required in producer 
cells to activate transcription from the HIV LTR and to gen- 
erate vector particles with a high transducing activity. 

The lot requirement is offset by placing a constitutive pro- 
moter upstream »f the transfer vector. If the only function of 
Tat k irons activation of vector transcription from the LTR, the 
far-defective phenotype should be rescued by placing a strong 
constitutive promoter upstream of the vector transcript. Three 
transcriptional domains have been identified in the HIV pro- 
moter in the XJ3 region of the LTR: the core or basal domain, 
the enhancer, and the modulatory domain (27). Transcription 
starts at the U3/R boundary, the first nucleotide of R being 
numbered I- The core promoter contains binding sites for the 



TATA-bmditifc protein (-23 to -24) and SP-1 (three binding 
sites between —78 to —45). The enhancer contains two binding 
sites for NF-kB which overlap with a binding site for NFATc 
(-104 to -81). The modulatory domain contain biodrog sites 
for several cellular factory including AP-1 (-350 to -293), 
NFAT-1 (-256 to -218), USF-1 (-166 to -161), EtS-1 (-149 
to -141). and LEF (^136 to -125). A panel of 5' chimeric 
transfer constructs carrying substitutions of either all or part Of 
the U3 region of the 5 # LTR was generated. All substitutions 
were made to preserve the transcription, initiation site of HJ V. 
Partial substitutions joined new enhancer sequences to the 
core promoter of the H2V LTR (-78 to 1), while full substi- 
tutions replaced also the promoter. pRLL and pRRL vectors 
carried the enhancer and the enhancer/pTomoter, respectively, 
of RSV; pCLL and pCCL vectors carried the enhancer and the 
enhanccj/ptornoter of human CMV. 

Control pHR2 and 5' chimeric transfer constructs carrying a 
PGK-eGFP expression cassette were tested by transection of 
293T cells with control or ^/-defective packaging constructs, 
and the expression of the eGFP transgene was analyzed by 
fluorescence-activated cell sorting (FACS). The RRL chimeric 
construct yielded a higher Level of eGFP expression than the 
pHR2 vector, reflecting the constitutive transcrrpuonal activity 
of the new sequence (Fig. 2A). Interestingly, the chimeric 
vector also displayed upregulatkm by Tat, as shown by the 
increased eGFP expression of cells cotransfcctcd with the con- 
trol packaging construct Tat uprcgulation was proven to be 
a direct effect by transfectrng a. pRRL-cGFP vector lacking 
an internal promoter with control or /a/ -defective packaging 
constructs and analyzing GFP expression by FACS (Fig. 2B). 
Comparable results were, obtained with the other chimeric 
LTR vectors (not illustrated). Vector particles were (hen col- 
lected from the transfecied producer cells and assayed for 
transduction of eGFP into HeLa cells and human primary 
lymphocytes (peripheral blood ryrnphocytes [PBLD- As shown 
in Table 2, all vectors had efficient transducing activity^ as 
assessed by endpomt titration on HeLa cells or maximal trans- 
duction frequency of PBL- The vector produced by the pRKL 
chimera was as efficient as that prtxhiced by the pHR2 con- 
struct and was selected to test transduction independent of 
Tat As shown in Table 3. the pRRL construct yielded a vector 
of only slightly reduced transducing activity (60%) when the 
packaging construct was tat defective. The residual effect of 



TABLE 2- GFP transduction by (antivirus vectors made by transfer 
constructs with awikMvpeorS' chimeric LTR 



Transfer 
construct 


Endpoini ihar an 
RcLaccfls 

rru/mfr 


Traittdudian efficiency ott 
human lymphocytes 
{% positive ccUs) 6 


pHR2 
pCCL 
pCLL 
pRRL 
pKLL 


23 X 10 7 
4.6X10* 
7,9 X 10* 
1-8 XlO 7 
8.9 x 10* 


30 
14 
18 
29 
18 


* Determined by muftipJymg ibc percentage of fi 
<Elotion*M) the number of infected cells. Samples 


□orescent ceDs for the VOClQr 
norc selected from tbc Knear 



portion of the vector (toscMtsspootic curve. 

* Percentage of fluorescent human PEL after infection of 10* cell* with 1 ml of 
vector containing medium, Primary human T tymphoeytea -were isolated and 
tram4uecd as prcvioo&ty described (14> Vector eariylng a PGK-cGFP c^rce- 
aion cassette were produced by WMsfbcrian of the indicated transfer construct, 
the packaging plasmid pCMVARS^V and the envelope ptssmid pMIXG into 
293T cdfe. Fluorescent ecBs were seared by PACS ADttyas 6 days iftcr trnre- 
dnerkka. Data arc tnrcragct of duplicate dclcattinarioiis fur a icprcscjitatrpc 

/ ^ pmfHWt nf time jiLutof incA 
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TABLE 3. GFP tiausduction into HcU cells by kotivirufi vectors 
made hy transfer constructs "with a wild-type pi' 5' chimeric LTR 
and packaging constructs with or without a functional tai geoe* 



Transfer 


tot gene in 
packaging 


F,ndpcwnt titer 
(XC/oil> 


plA Antigen 
(atfml) 


Transduction 

dfttienc? 
(TUmgof p24) 


pHR2 
pHR2 
pRKl 
pRKL 


•I- 
+ 


4.1 X 10 s 
2.4X10" 5 
U X 10 T 
4.9 X Iff 


297 
545 
546 
344 


13*805 
440 
23,810 
14,244 



• Vectors carrying h PGfceGF? cxpfesaiou cassette were produced fey trana- 
fecrion of the indicated transfer and packaging p]*W id plus pJasroid pMD.G hno 
293T ScKa] daurlortfi of narefcciftut conditioned medium "were incubated 
with He]U rtlk, and the cultures were Acortid after 6 days. For calculator 
endpoim titers* samples were «ctccicd from the linear poaioa ot the vector 
dox>ro£pOiMc curve Data arc averages vt duplicate determinations fur a lep- 
XKRnkuUvt: capcrimcnl of Irc pcrfonjv*! 



Tat on transduction was in agreement with the ability of Tat to 
upregulate transcription from the chimeric LTR. 

The use of the chimeric LTR construct allowed removal of 
Tat from the packaging system with a minimal loss in the 



transduction efficiency of the vector in vitro. To test vector 
-performance In the more challenging setting of in vivo delivery 
into brain neurons, high-titcr vector stocks were generated 
from the pHR2 and pRRL constructs with and without Tat. 
The four stocks of cGFP vector were matched for particle 
content by p24 antigen and injected bilaterally in the neostriata 
of groups of three adult rate. The animals were sacrificed after 
1 month, and serial sections of the brain were analyzed fox 
cGFP fluorescence (not shown) and immunostained by aati- 
bodies against eGFP (Fig. 3), The result* obtained in vivo 
matched the in vitro data. Vector produced by the pHR2 
construct only achieved significant transduction of the neurons 
when packaged in the presence of Tat. Vector produced by the 
pRRL chimera was as efficient when made with or without Tat 
The transduction extended throughout most of the striatum 
and reached a very high density of positive ceRs in the sections 
closest to the injection site. No signs of pathology were detect- 
able in the injected tissue, except lor a small linear scar mark- 
ing the needle track, by hematoxylin and cosin staining of the 
sections (data cot shown). 

These results provide evidence that Tat is dispensable for 
efficient transduction by a Antivirus vector. 



1 




HG. & In vfco transduction ofsGFP into brtio eclh by tenuviw vector* produced with ,mkJ withwt T*l Vectors earning * PGK-cGTO expression ewacttc were 
produced bv ubc plIR2 (A end B) or the $' chimeric pRTU. (C and D) transfer comtrua And a packaging consifuct with (pCMVAR8.9l; A and Q or without 
(rk'MVARH.93: B tmd D) a Juncrioaat tdi rone, e um r u i ua ccd by uhnuraimtoganoa. and normalized tor panidc content prior » Injection into the corpora unatt of 
adult raw. One month after injection, bnuii icecUons were stained for ImmurtCrtiacriviry to the GFP protein. While nod) types of vectors transduced neurons very 
cftcicauy when made with Tan. unly ike vectot made by the chhimric mustier awutfruct worked an well when produced wttboul Tat. Reprtttcalativc Returns clusc to 
the iBicction site an shuwn for one ofshc atriala injccicd per each type ctfvcaor. 'ilic bar in panel B represents 1 mm; that in the inset in panel A represents 1UU urn. 
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TABLE 4. OFP transduction into HeLa cells by ieauvirus vectors 
nwdc by linked or split packaging constructs and 
a pRRL ti-ansfer conscruef' 



Pnclayinj 
OUnstfUCl 



Separate 



pMlUg/pRitK 
pMDLs/pRRE 

pMDLp/pRRE 
pMDL^pRRE 



RSV-Rcv. 25 m 
RSV-Rcv, 5 h£ 
RSV-Rev. 12 ug 



pa 

(ngtad) 


EodpoifK 

titer 
(TO/ml) 


'to adduction 

cJUcicju.'y 
(TU/ngofpZ4) 




1.07 X 10* 


29,436 


<u 


ND 


NA 


29 




23.7S0 


94 




21,<S9 


774 


1.0 X It) 7 


L5,4ft5 


776 




9,761 


565 




V95 



" Vectors cBizyisg a PGK-cGFP expression cassette were produced by the 
transaction of & RclMjwdivaUnjt pKRL iransffcr cchuituci (wlLh a deletion in the 
3' LTR pSfl, Lbc indict Led packaging rod rt?v pl&smidsH and pl&smid pMD.G mlo 
293T cells. Serial dQuiiuiu or iramfcctani conditioned medium were incubated 
with Hcl-a cells, nnd the cultures wrrr scored after 6 daw. Fnt' calculating 
Dodpoinl titers, Simple* wore selected from (he Bocar portion of I he -vector 
dofic-rcspoosc curve. Doia arc nvcrages of duplicme dctcrmin&xtOfi tot *■ Tcpro- 
sc diauvc expe rimcni of dircc performed. ND, aoqc detected (the dctecriDn limit 
ut Lhe assay wus 10? TU/ml); NA. not applicable 

* The jHOttioCcr driving the cjcpastnon o( n ,tyftthtuc r*i- eDNA and ibe amount 
e>t plwemld tnuurtoctod situ fodtcai&d. 



A otfw split-genome conditional packaging astern. The pos- 
sibility of deleting the tat gene prompted us to explore a new 
design of the packaging component of the HIV vector system, 
in which two separate nonoverlappmg expression plasmkis, 
one for the gag and po\ genes and the other for the ret' gene, 
were used. The gag and pal reading frames were expressed 
within the context of the MD cassette, which employs the 
CMV promoter and intervening sequence and the human 
p-globin poly(A) site (34). All HTV sequence* upstream of the 
gag initiation codon were removed* and the leader was modi- 
fied for optimal fit to the Koz&k consensus for translation This 
construct, however, expressed almost no p24 antigen when 
transfectcd alone in 293T cells. This observation is in agree- 
ment with the previously reported presence of -repressive or 
inhibitor)' sequences in the gag and pol genes (40. 41). Hie HIV 
RRB was then inserted downstream of the pol gene, and the 
resulting pla&mid was cotransfected with a rw expression vec- 
tor (Table 4). High levels of p24 antigen production were 
observed in this case, the highest yields being obtained when 
i rv was driven by an RSV promoter. When the gag-pol and the 
rev constructs were cotransfcctcd with the pRRL chimeric 
transfer vector and the VSV G -expressing plasmid, bigh-titer 
vector was obtained in the culture medium, Both the yield of 
particles and their transducing efficiency were similar to those 
obtained with previous versions of the system. Northern anal- 
ysis of producer cells confirmed that vospliced vector genomic 
RNA accumulated only in the presence of Rev (data not 
shown). Thus, both the expression of the gag and pol genes and 
the accumulation of packageable vector transcripts are depen- 
dent on trans complementation by a separate Rev expression 
construct Seen a conditional packaging system provides an 
important safety feature unavailable to oncoretrovirns vectors. 

DISCUSSION 

The predicted biosafety of a viral vector depends in part on 
how much segregation of the cw- and pros-acting functions of 
the viral genome is achieved by the vector design and is main- 
tained daring vector production. A vector part icle is assembled 
by viral proteins expressed in the producer cell from a con- 
structs) stripped of the cts-acting sequences required for the 
transfer of the viral genome to target cells (packaging con- 



struct). These ay-acting sequences are instead linked to the 
-transgene in the transfer vector^ As -the-vector particle pack- 
ages only the genetic information contained in this latter con- 
struct, the infection process is limited to & single round without 
spreading. Through recombination, it is possible that se- 
quences encoding viral proteins rejoin the et*-acting elements 
of the transfer vector. If the resulting recombinant expresses all 
required functions, it is able to replicate (i.e_, it is a replication- 
competent retrovirus [RCR]) and presents a risk to die recip- 
ient The formation of heterozygous vector particles containing 
RNAs from both the packaging and transfer vectors, followed 
by homologous recombination during reverse transcription, is 
the mechanism most often incriminated in the emergence of 
RCR during the production of retroviral vectors. The likeli- 
hood of this type of recombination is dependent on residual 
riff-acting sequences in the packaging plasmid, allowing some 
level of encapsidation. and on the extent of homology between 
packaging and vector constructs (}0). 

A first strategy to improve the bioRafoty of a vector is to 
use nonovcrlapping split-genome packaging constructs that 
require multiple recombination events with the transfer vec- 
tor for RCR generation. Earlier studies described several ap- 
proaches to generate replication-defective HIV vectors (7, 35, 
3S T 42). However, these vectors could be produced only to 
low infectious titers, were restricted to CD4-poshivc cellular 
targets, and carried the risk of generating wild-type HIV 
by recombination of the components. A major advance was 
achieved when an improved vector design was combined with 
the use of the envelope of another virus (32. 33, 3°). The 
lenhVirus vector that we describe here is packaged by three 
nonovcrfapping expression constructs, two expressing H/V 
proteins and the other expressing the envelope of a different 
virus. Moreover, all HTV sequences known to be required for 
encapsidation and reverse transcription (2, 22, 24, 27. 29, 30, 
35) arc absent from these constructs, with the exception of the 
portion of thegdg gene that contributes to the stem-loop struc- 
ture or the HTV-1 packaging motif (29). 

A second strategy to improve vector biosafety took advan- 
tage of the complexity of the lentrvirua genome. The minimal 
set of HTV-1 genes required to generate an efficient vector was 
identified, and all other HTv* reading frames were eliminated 
from the system. As the products of the removed genes are 
important for the completion of the virus life cycle and for 
pathogenesis, no recombinant can acquire the pathogenetic 
features of the parental vims. We previously demonstrated 
that all four accessory genes of HIV could be deleted from the 
packaging construct without compromising gene transduction 
(51V In this work, *c went further by deleting another factor 
crucial for HIV replication, the iat gene. Its product is one of 
the most powerful transcriptional activators known and plays a 
pivotal role in the exceedingly high replication rates that char- 
acterize HTV-induced disease (18, 19. 47)* 

It was round that Tat was required in producer cells to gen- 
erate vector or efficient transducing activity but tbat this re- 
quirement was offset by inducing constitutive high-level expres- 
sion of vector RNA. Due to die low basal transcription from 
the HTV LTR, Tat was necessary to increase the abundance of 
vector transcripts and allow their efficient encapsidation by 
the vector particles. When made in the absence or Tat vector 
particles had 10- to 20-fold-recruccd transducing activity. How- 
ever, when strong constitutive promoters replaced the HIV 
sequence in the 5' LTR of the transfer construct, vectors made 
without Tat exhibited a less than twofold reduction in trans- 
ducing activity. As Tat strongly unregulated transcription from 
the chimeric LTR. the transducing activity of the output par- 
ticles must reach saturation. The abundance of vector RNA 
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in producer cells thus appears to be a rate-limiting factor for 
transduction uutD-it-reaches a threshold. Conceivably, an up- 
per Limit is set by tbe total output of particles available to en- 
capsidale vector RNA. As the total particle output varied with 
the types of vector and internal promoter used, this may ex- 
plain the quantitative differences obtained in response to tat 
deletion- 
Successful deletion of the tat gene was unexpected m view of 
a reported additional role for Tat in reverse transcription (17, 
20), While the reasons for (his discrepancy are not obvious, it 
should be noted that the transduction pathway of the lentivirus 
vector mimics only in part the infection pathway of HJ.V- The 
vector is pseudotyped by the envelope of an unrelated virus 
and contains only the core proteins of HTV : without any ac- 
cessory gene product The VSV envelope targets the vector to 
the endocytic pathway, and it has been shown mat redirection 
of HIV-1 from its normal route of entry by fusion at the plasma 
membrane significantly changes the biology of tbc infection. 
For example, Kef and cvdophilin A are required for the opti- 
mal infcctrvhy of wad-type HTV-1 but not of a (VSV G) HIV 
pseodotypc (1). It is also possible that the kinetics of reverse 
transcription are more critical for the establishment of viral 
infection than Tor gene transduction, given the differences in 
size and sequence between the virus and vector genome. 

Tat-kdependem transduction by an HIV-based vector was 
recently reported by Kim ct aL for in vitro cellular targets (23). 
In the vector designed by these authors, however, Tat and Rev 
were expressed from the transfer vector and thus were also 
present in target cells. A CMVfflV hybrid LTR was used; this 
construct yielded vector titers approximately 30% of that ob- 
tained with an intact LTR. "When the lot gene was Inactivated, 
the titer did not change. Srkuvasakumar et &L (43) previously 
reported a rather low (5- to 10-foid) dependence on Tat of an 
HIV-based vector produced by cells stably expressing the HTV 
structural proteins. In this case, titers of 5 X 10 3 TU/nu with 
Tat and 7 x 10* TU/ml without Tat were obtained on HcLa- 
CD4 celte- Although these titers are much lower than those 
reported here/the vector particles carried the HIV envelope, 
an indication that Tat is not absolutely required for cramduc- 
tion by vector particles which in that case mirror more closely 
the wild-rypcvirus.lt remained possible, however, thata depen- 
dence on Tat may be revealed in more challenging gene deliv- 
eries into the body tissues that are the actual target* of gene 
therapy. This could have been due to a stricter Tat Ttaniire- 
mcnt rbr optimal transduction efficiency or for the production 
of high-titcr vector stocks or to differences in ceU-rypc-spccific 
factors- Our results now establish that Tat is roily dispensable 
for lentivirus vector transduction even when high titers are 
achieved and, roost irnportantry.. for gene delivery in vivo into 
terminally differentiated neurons of an adult rat bruin. 

The Northern analysis of producer and target cells shows 
that the Tat dependence of LTR-driven expression restricts the 
production of vector genomic RNA to producer cells. This 
applies as well to vectors made by the 5' chimeric constructs, as 
the U3 sequences of both LTR& of the resulting provirns arc 
derived from the vector 3' LTR. However, the functional re- 
placement of tbe tai gene in the packaging construct by pro- 
moter sequences upstream of the transfer construct makes 
the generation of a transcriptionally active recombinant much 
more unlikely. This wDl be even more significant in stable 
producer cell lines that avoid the risk of plasmid recombination 
during cotransfection. 

We also exploited the Rev dependence oigag-po! expression 
and or the accumulation of unspliced, packageable transcripts. 
Yu et aL (50) previously showed that the dependence On Rev- 
can be used to make expression of HIV genes inducible. Wc 
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FIG. 4* SchtmiiUe dtawing of ihc HIV provirus and the four construe* used 
to uiittt a Antivirus vector of the third generation. The viral LTR*, the reading 
frtfitt* erf The viral *cn«L. the nwijoc $' sjUlce dodor site (SD). the packaging 
scoucncc (V), and tbc RRE arc bofcd and indicated in bold type* The condi- 
tional packaging construct, pMDLg/pKRE, crprwaoa thejtag *xu\poi gene* fttmi 
the CMV proniotct and inLcrvvniBg sequence* and perfvadenykuion vV oC the 
bumstt fj-gtofcra gene As the iraasedpu uf the gas and pot genes contain 
repressive sequence*, they arc arprcsfiod onty if Itev pmmoics thai nuclear 
Opon- by binding to the RRE. Alt tat and rev axons buvc beco dcJplcdy and (he 
vital sequences upstream of ibegog S^nc have been replaced A nOnavDrinpptnjg 
construct, RSV«Rev, cspccjiscB thc'nv cONA. The transfer construct pKKL 
SIN-IK, cooudns HIV-1 cis -acting se^vtcfcecs and an cxprcsskm cusseuc for the 
transient It Jfi the only portion uaasfcrrcd to the target «xB* *cd docs not 
ttnuiii -wild-type copies of the KrV LTR- The 5 r LTR is chimeric, with the 
cnhanccx/pinmutCT vt RSV replacing the 03 rvpun (FJRJL) to rutcuc (he Lran- 
$enpUonaJ dependence on Ttt. The 3' LTR, has an almost complete deletion of 
the U3 rcgiOTv winch include* the TaTA box (font nucleotide* -413 to -IS 
cefctiive to the U3fR burdtr). A* the latter is the template used to gcacroic both 
copies or tbc LTR in the integrated proving n-ansducuon of this vectot results 
in irawcrifrtiocia! inactivauon of both LTRa thus, it is a sdf-i Qoctivatuig vector 
(STN-tS). The fourth construct pMO.Q, cnaxlc* a heterologous envelope to 
pecudorjpo the vcatt> here shown coding for VSV C. Onhr the relevant parts of 
Ihc cOAfUAiels arc shown. 



describe a core packaging system split in two separate nonover- 
lapprog expression constructs, one for thc^ and po/ reading 
frames optimized for Rev-dependent expression and the oth- 
er for the w cDNA- This third-generation packaging system 
matches the performance of its predecessors in terms of both 
yield and transducing efficiency. However, it increases signifi- 
cantly the predicted biosarety of the vector. Tt has been sug- 
gested that the Rev-KUE axis could be replaced by the use of 
constitutive RNA transport elements of other viruses, although 
at the price of decreased efficiency (11, 23 s 43). We would sug- 
gest that maintaining the Rev dependence of the system allows 
for an additional level of biosafcty through the splitting of tbe 
HTV-derived components of the packaging system. 

The conditional packaging system described here can be 
combined with a self-Inactivating vector construct carrying a 
major deletion in the 3' LTR (52). This vector design (Fig. 4> 
offers, stgniheant bjosafety featured The contributton of HTV 
i« reduced to a fraction or e/s-acting sequences in the vector, 
leaving out in particular most of the LTR, and to only three 
genes, gag, pol, and m% ia the packaging constructs, compared 
with the nine genes necessary for the in vivo replication and 
pathogenesis of wild-type HAM (3 S 18, 27, 49)- The actual bio- 
salety of a vector must be proven m vivo. However, given the 
serious limitationji of tbe available animal models of HIV- 
induced disease, the biosafcty of HJV-derivcd vectors will ul- 
timately be proven only m human hosts. Therefore, the vector 
design must ensure the highest predictable biosafety for clini- 
cal testing io be acceptable. 

It is noteworthy that the traction of the HIV-1 genome that 
is left in the vector is probably smaller than could be achieved 
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with any of the noopriraatc Antiviruses, the genomic complcx- 
„ity_of_whfch i&Jowcr-than.tbat_of HIV-1 (37)^ Also, the risks - 
associated with the introduction in humans of a recombinant 
arising from a nonprirnatc lentivims, even in a form that in ils 
cognate animal species appears to be attenuated, are very 
difficult to assess, as illustrated by the ongoing debate on xeno- 
transplantation (4S). Xa contrast, the almost two decades spent 
studying a virus that has now spread in tens or millions of 
people worldwide have revealed a considerable amount of 
information on the pathogenic restores of HIV-1, in p$rtieufer 
on the dependence of virulence on a crucial set of viral genes. 
Based on these data, we would like to suggest that the HIV- 
based vectors described here are good candidates for the clin- 
ical trial of lentivfrus vectors in human gene therapy. 

ACKNOWLEDGMENTS 

vVe arc indebted to Tom Hope for providing the Rev expre&sioo 
pl&smids, to Melinda Van Roey and Heidi Oline for help 'with the 
animal experiments, and to Jennifer Davis and Mitch Finer for sug- 
gestions and critical reading of die manuscript. 

This work was partly supported by a grant and by a fellowship from 
the Swiss National Science Foundation to D.T. and K.Zn respectively. 

REFERENCES 

1. Afreft* C 1 997. Pscudotypia$ human unmunodenaency virus type 1 (HIV-1) 
by the glycoprotein of vesicular stomatitis vims targets HlV*l ontxy \o un 
endaeyik paih»»y »nd suppresses both the tequifcincdt for Kef and the 
aejisiifviry to cyclosporin A. J. ViroL 

2. AloWni A^ and R. A. Young. 199U. MuUUions of RNA and protein se- 
quences involved in human unmunodtlieicrtey virus type 1 packaging result 
in production of noninfectious vinck J. Virol 64:1920-1926. 

5. AldrMBitdi, G. NL* and J. A Zatk. 19%. Replication and pathogenicity oi 
human hniflimodefleiertey vim* type 1 accessary gene rouianw in SCTlS-hu 
mica J. VlroL 70:1505-1307. 

4. BerkrmStz. FIaminat6l3fiUL C Helga-MiKf*, D- Kvkpsh, and 
ft. P. Gaff. 1995. 5' rcglona of HTV-1 RNAs arc rot sufficient for CKxpstdn- 
LioiL' implications for the HIV-1 packaging sh^naL Virology 212;7l#-7Z?. 

5. TOSmer, U, JU Nrtdlm, T. Kofti, D. Tma, I. M- Vernui, and F» IL Gaae, 
1 997. Htgbty e*wicnt and attained gent tx&nSlisr in adufc neuron* wiih a 
lertijvirus vector- i Virol. 7fc66U-*£649. 

ti. Bocdlgnon, C« C. Bouini, S. Verxclctli, N. Nnbtli, P. Mogpoai, C- Tcavte^ 
rori R. GlfivnzzK, P, Scrvldn, E, Z»ppoac. E- UcwwpL, Pnrm, <i> Ferrari 
r. MsvUio, S. Rowini. R. M Bluest, ind F, Camtotti. 1995. Transfer ofths 
HSV-xk gone inu> donor pcaphcxa) Wood fcniphocytcs for in vivo modula- 
tion oi donor anu-liunor immunity after allogeneic bone mnnw tranyplao* 
Union. Hum, Gene The*. 6s8L3-S19. 

7. Iu»chsthaeliw% G. L. and A T» Panganihui. 1992. Human immunodcfi- 
cicnev virus vectors for inducible csprcsrios of foreign gtnci. J. ViroL 66: 
2731-2739. 

8. Bukr£nsk>. M. I~ S. Hasgerty, M P. Damps?, K. Sharurn, A AdxhnbftU U 
Spitz, P. Lrm* D. GoUttwK M* Eaxscmno. and M- Stpveason. 1993. A 
nuclear localization signal with in HIV-1 matrix protein that gwrrm infcx;- 
lioc of non-dividing eelk NaUnx 3&$c666^669, 

9. Bums. UT, FncdraHnn, W. Ddenx. (tLliuirascaoo. aed JUK- y«e. 199?. 
VeAieuhr stomsiitLi Tirus G gtra^pTotein pAcudoiypcd rctrovita) vectors! 
i*onu;niiiiuun 10 very high tilur and cfikaan gene InuuCcr into mmnmniinn 
and non-mii mnrn Han ocils. fzoc Natl Acud. Sd. USA 9fhSu?3-8U37. 

IP. Codin, J. M. 1996. Tteutrvmd*^ the views* and tbdr replicauoiu p. 17fft- 
1£4^ in & K. Fields, D. M. Kninr. P. M Howlc>- r R. M. Chanoca, J. t- 
Mclnidu T, P. Monath. D. Koizmon, und 8. E. Stram (cd.^ rieldn virdtogjt, 
3rd cd. IJppincon-Ravcn Publisher, Philadelphia, Pa. 

1L CorboHL P^ G, Kibus, and l\ IVnag-SnjaL 1998s TranMiucuon of human 
macropl»»gfi« vsinf, a aaolc 1iTV-l/rtrV-2H>efivcd jcac delhnay ^ktdol 
Ciuao Xhcr. 5^-104. 

12, F*irtbL*&, M. D. BaltUnare. and A U FrankeL 199L The role of Tal in the 
Human immunodeficromy virus life cycle indicates a primary nftcex oa tfan- 
raptional clcmft^lioa. Proe. Nad. Aead Sd. VSA &&404S-4049. 

15. Fcttw, B, t^ M- Di7^dAfe, «nd PaHtOd*. 199U Fccdbitek regulation 
of humaa jromunoddicicacA' Vitus type 1 expression by the Rev protein. 
J, ViroL 6*3754-^41. 

high eftciancy rcrroviral transducucra sysxen) tot prtmaiy human T iympho- 
ey tea. Blood 83s43-50. 
15. Gaflay, P-, D. C3itn r T. J* Rope, aai) D. Tranik 1997. HTV-1 In/ccdon of 
- nondrvidujg eelb nx^diAicd through the itieo^aitzoa of irtteftrase bv ihe im- 
port^karyophcrin pathway. P«oe, NaiL Acad $c± UiiA *4i9h75-«J30. 



16. Galla>. P. S. Swlngler, C ADua* and D. Dnma, 19W. HIV-1 infectiort of 
nondmdiag cdl^; C-Tmwinal tyroainc phOffphoryiation of the viral nwtra 

proociaht ajtcy ccguUttOT, Ocll B0t379-3«t, 

17. Hstcieh. IX, C Ulidb, t_ P. Corcift-Mnrtisizx, MujR.fi. Oflgmor. 1997. lav b 
inquired for cjTteieni rcvcrtc lnnucdptioii. EMB0 J. 1&1224-12S5. 

?& Hayncs. A. F. C. P&ntateo, aad A S. FaneL 1996. Toward an understanding 
of the eorrclatcs protective immunity to HTV infeaion. Science 271324- 

19. Ho, D* A U. Ncomann, A & Fcrclson. W. Cbcn, J. GhL Leonard, and M 
Markowiut* 1995. 'Rapid turnover oi plaona virion* 9nd CD* lymphocyte* In 
HIV-1 infeeuon. Naiute 373:t2>-l2a\ 

20. Huang. L. AL, A JoshU R. WWcy. h Ofcastaia, and K X. Jean*. 
Human iauuunodi^ieieney virus^st regulated by altemativc tranfr^ctiratocs: 
*cncoc " evidence for a novel ocA-uaascnpitopal UmXiion of Td in virion 
infccUvity. EMBO J. tk2886-2m. 

21. Krfri, U. Blumee, D, A Peter mo, F. H. Gap, and L M Vctaw. 1997. 
Sumunod otpresfiion of genes delivered direcdy into liver and muscle by 
Icntrvira) vectcw. Nat Genet 1 7^1-4-^17, 

involvcd in human Lminuiiodjchdcncy virus type 1 RNA padca^m^. J. Virol. 

23. Kim, V. 14, K, Murophanops & M. Kiogmnan, aad A J* fOagnaao. 19Wi* 
Minimal r equrrcmem for a Ic-niivirus vectnr based on Human iffimunodcft- 
cicnev virus jypc 1. J. ViroL 72:811-^16. 

24. Uw. A^ H. GvttUnisrr, W. Eauclcbie. and J. SedrKOtL 1989. IdcnlUk-hiion 
of «t secjvenee required for cutciest p<ickagmg of human immanodcficicncy 
virus type 1 RNA into virions. J. ViroL £3c4fl85-4Q87. 

25. Lewis. P, F« M Bansd, and M, EmermaiL 1992. Human innntmodeficiency 
virus infection of cell ariemcd in the ccfl cycle, EMBO J. Ui3U53-505&- 

26. Lewis, P. F n and M. Em^nnan. 1994. Passage Ihrougb mito& hs. required lor 
ontorctrovizuscs but not for the human* uzununooVftdcncy virus. J. ViroJ. 

27. Luel^ P. A. 199&. Human imrrm ftodcOdctiey «Krutea and their replication, p. 
UBM975. In B. N. Fields, D. ML Kmpcx P. M T-fawlcy.R.M. Chanock-J. I- 
Melnitk.T. P. Monath f b! "Rob^an. and S. E. Straus (cd.). Holds virology t 
3rd ed. tippbeoiv-RAi^j pui>UVJit« ( PhU^dtlphia. fa. 

2& MftdddUlL^ K- G. AenctehU iC &. S'proH, IL O- Slider, L. IC Cotttn, ttcd 
S. E, Leff. Ch»ractcrization of mtrastnatal rcc<rnihtnant wtene-associatcd 
virus mcdibled gene transfer of human tyrosine bydfosylaitc and human 
GTP-cyciohydrcocylasc 1 in a tat model of Paxkinson a disease. J. NeuroacL. 
in prc». 

~ ?9. Mcftridc, M. and A PanganEban. 1996. The human mmimodefidcocy 
virus type 1 encapsulation site b a multipariilc RNA elcmom competed of 
functional bwirpin structures, X Virol, 7<fc2963-^973. 
3a MeDrfdn, M.S,M0. Schwtx, a^d A. Paojtanihan. 1997. Efficient crtcap- 
sidaiion of human inimiLnodcndcDcy virus type 1 vectors and further char- 
aeteci3Mion Of tfs elements recruired for c n enpuda t» on. J. Virol. 7T:4. £ i44~ 
4554 

31. KrtvoshL TL, NL Takahashl, F, a Gage, and L M. Vornm. 1997, table and 
dEd=nl ge*«i uaaatcr mtu the retina mi^ an HTV-bajicd leniiviral vceiur. 
Proe. Nad. AomL Sd. UiiA *4:L03li>-lU323. 

32 N'aldkOu U. U. BUWner. P. Gallay, D. Ocv. R. Mwlliean, F. H. r*aec I- M. 
Yeoun, nud 0. TtoiKk 1996. in vivo gene delivery and stable transduction oi 
nondhriding cells by a tcnuviral vector. Science 272£65-26?. 

33. KatdtoL C, B16mer« F. R. Gage. D. Trw*©,. and L M. VormjL. 1096. 
Efficient transfer, integration » and Kuataincd long-tenn cqvoaskm of the 
transgese in adulL rat brains injected with a Kouvirai vector* Proc Nad. 
Acad. Sci. USA 93:11382-1 13SK 

$4. On, D, B- A Kcu&^Mrent .uid R_ C. MnliSftaa. 1996. A stable human- 
derived pnekaging ccU hnc for production of high liter rcixoviruaArcsicular 
stonratiusviru* G nacudntypes. Proc Natl. ACfcd"5ei. USA 93il)4rjfl-l IdOfi, 

35. Porolln, C T. TtorDnan, G. PbIu, IT* Gnminecr, and J. SodrvriO, 1994. 
Anaryfiffi in human urununndefieiency virus type 1 vectors of cu-acting &c- 
qocAeea that affca yun& tranafet'inLO human rymphucytca. J. ViroL 

3*\ PaKinoa. G» and C Wstw, 19S7, The fat bm'n in tfjrrcotaiic eenrdinntcR. 

Acadcrnic Ptcsr. San Diego, Calif. 
37. Poewhla, fe. 1 . Wong-Stani «nd D, J, Uooey. L99H. detent traoaductioa 

of nondhriding human cetts by feline ^muncdehoteney virus lemivirA] tcc- 

taftL rCkn. Med. 4£^4«3$7. 
3iL PnBkftftslry. iVL, A Lever. L. Bergeron, W. Bnscitmc. and J. Sodrartd. 19VL 

Gene iranafor into human hrrnphocytcs by ti Ocfcctive human immunoUcli* 

dency^TTU?. tjpc 1 vector. J. VeroL £Sc5?2-556. 
39. Reiser, J, G, Harrairon. S. Klueprtfl.3ii.hV R. O- fcrtdj, $- Kftriora, abd M. 

SchuberL 19%, Traitfrfucuon oT nt>sd»^Iim> oclb paeudoryped defective 

high-liter HIV type 1 parades. Proc Karl Acad. 5d USA *5U5266-1S271. 
i0. SebneSdar, R,. M. OmpWl r & Ka^ciubim IL K. Fslhflr, nd&N. Paviakiic 

1997. fnactivauon ot the human rmmunodefiritney virus type 1 inhibitory 

elements alH»tt Rev.mdcpcadent csp ration of Oag and Gaj/nrotcase and 

panicle formadon. J. Virol 7l.-»fi92-4905, 
41. Schwartz. M. CampbelL G. NaskNilas^ J. Harrisoou B. K. Frfber f and 

G. N- Patiakis. 1992 Muuiuooal muctivalioD of an inhibiiLory sequence in 



07/03 2/)03 12:59 FAI 001406134 



SERVICE DES BREVETS IP 



INNEGAN 



©070 



Vou 72, 199S 



1TORD-GENERATIOK IXOTTVIRUS VECTOR 8471 



42 



43. 



humnD snmuDodcfiocncy virus type 1 results in Rcv-indcpc odem ex- 
pression. I. Virol. ffcTTTd-TlE. 

Shimada, T-, At Ftu», A, Mittwyw, m»a W. Ni*rthuii. 1991. Targnicd sad 
hi^dity efficient gene transler into CD4 -i vcDs by a rcwtnfriniuu human im- 
muiroocficicrrcy viru* rctrovmi) vector. J. Oin, Inrotig. 85; 1043-10*7, 
SrintVRS&kum&r. N-, N. Chavtt, C. Itel^Mwrm. S- fVW*4, M_ H&mntar>» 
itVjold, and 1). Rckwh. 1997. The effect of viral regulatory protein expression 
on gcac delivery by Wmafi Unimiftodcficicfl<y virus type 1 vectors produced 
in stable packaging cell lines. X. Virol Tl^84 

44. Stertbofg«% L. 4L, P. H. Hanh. J. J. CuruHs, and 1L a Mflyec. 197a Tbc 
unlabcllcd antibody-cfl^roomcuiod of imrounohi<rtocftcrnisiry. Pre par Alio n 
and properties of soluble aniigcD-aniibody complex (horseradish pcrcrodafic- 
aniihaEicriulish peroxidase) and ite use m the fefcnLifcu&m of spirocbclcv. 
J. Hisluchcm. Cyiocticm 18£l5-e33. 

45. \erma» L M, and K. Santa. 1997. Gene therapy firoauKta, problems 
itnd prospects. Nature 389:239-242. 

46. WaL r.M.L G&ftoct, S.-M. Pong. W. H. Fischer, and K> A. Jwe*. IWSL A. 
n<r*d CDK9-«wcvcJiitcd C-typc cyclin interacts directly <whh niV-1 Tat end 



mediates its higb-af&nirv. toop-spedfic binding to TAR RNA. Cell 92:451- 

a?. Wei, & K. Gtotth, M: C Tavjo*, vl A. Jafcns&a, E. A. fcmioi, P. Pcuttcfi, 
J. J>. U&on, & Bodbaeffer, ML A, Nowak. It. H. flaiui, M_ &Kig, *od G_ M_ 
fvha^t, Viral dynamics in fvunwn irnrminodcfidcncy virus type X infec- 
tion. N&luk 

4& Weiss, 1L A- 1 9yK. Vr:iniigcnic pt^s and virua adaptation. Nature 3 91327-528. 

49. WVamL TVLSmK.IL Mart*oa* A. A. Ladcner. and IL C Dew-osier*. 1997. 
IRctssiaacc of neonatal monkeys 10 live vlicnualcd Vaccine slxaim of simian 
muDUBodcficicncy vims. KaL Med 333-36. 

50. TtuH^A.B. Rabsoa, M. RauL V. Ron. and J, P. Dougherty. 1994 Inducible 
human uxnnunodc&dcncy virus type 1 pa&Mging coU lines. J. Virol. 7<fe4530- 
4537. 

51. fcnt&rty, D. TVJnjpr, R. J. Mimtei, U Noddirti, wtd IX TYfcotv. 1 997. Multiply 
attenuated jcntiviral vector adticvea efficient gcinc ddivcry in vim. N»L 
EjotcdmoL 1&871-875. 

STL ZxtSttxy^ JL T« D«U, IL J, MandcL A. tfeaw**fcy. D« Qriru. L. NaldmL and 
& "JVoon. Scl&nttrtholing lentmnai vector Clti ka£c asd euVicat xu vfvo teem; 
delivery. J. Virol.,, in ptcsa. 



